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Abstract 

Double perovskites are promising candidates for less toxic and highly stable metal halide 

perovskites, but their optoelectronic performances still lag behind those of the lead halide 

counterpart, due to the indirect nature of the bandgap and the strong electron-phonon coupling. 

Reducing the dimensionality of Cs2AgBiBr6 down to a 2D layered form is strategic in order to 

tune the band gap from indirect to direct and provides new insights into the structure-property 

relationships of double perovskites. Herein, we report on a series of monolayer 2D hybrid 

double perovskites of formula (RA)4AgBiBr8, where RA represents different primary 

ammonium large cations with alkyl- and aryl-based functionalities. An in-depth experimental 

characterization of structure, film morphology and optical properties of these perovskites is 

carried out. Interestingly, the variation of the ammonium cation and the inter-planar distance 

between adjacent inorganic monolayers has peculiar effects on the film-forming ability and 

light emission properties of the perovskites. Experiments have been combined with DFT 

calculations in order to understand the possible origin of the different emissive features. Our 

study provides a toolbox for future rational developments of 2D double perovskites, with the 

aim of narrowing the gap with lead halide perovskite optoelectronic properties. 
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mailto:m.righetto@ucl.ac.uk
mailto:teresa.gatti@phys.chemie.uni-giessen.de
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1. Introduction 

Lead halide perovskites have revolutionized the semiconductor field due to their excellent 

optoelectronic properties, such as the direct band gap, the high absorption coefficient and the 

long lifetime of photo-generated charge carriers.1–3 These properties have been mainly 

exploited in solar cell devices, where efficiencies beyond 25% have been reached in relatively 

few years.4 Despite these outstanding efficiencies, toxicity issues related to the presence of 

lead5 and the limited resistance against external agents, e.g. moisture,6,7 have led to search 

alternative metals possibly replacing lead.  

Within this context, ‘elpasolites’ or double halide perovskites (DHPs) hold great promise due 

to their excellent stability against environmental degradation.8 In these materials, such as 

Cs2AgBiBr6, lead cations are replaced by iso-electronic metal cation pairs (i.e., mono- and tri- 

valent metal cations) arranged in alternating [AgBr6] and [BiBr6] octahedra. The valence band 

arises from Ag d10 and Bi s2 orbitals, resulting in a relatively deep valence band, heavy hole 

masses and an indirect bandgap of ~ 2 eV.9–11 Despite the excellent stability, the indirect nature 

of the band gap, as well as its relatively wide value, strongly limits their applications in outdoor 

photovoltaics. On the other hand, interesting and useful applications12 have been identified for 

these species in other fields, such as photocatalysis,13 transparent,14 indoor15 and, in general, 

building-integrated photovoltaics16 and radiation detection.17 The reduction towards two-

dimensional (2D) monolayers, however, is an effective strategy to tune the band gap from 

indirect to direct,18–20 thus opening new perspectives in the applications of DHPs in efficient 

optoelectronic devices.21,22  

The synthesis of (001)-oriented 2D layered perovskites is achieved by introducing bulkier 

organic cations (e.g., featuring primary ammonium groups) and organic moieties, whose size 

cannot fit the octahedral cavities in the ‘elpasolite’ structure. The resulting structure is layered, 

and these large organic cations form bilayers that define the space between adjacent metal-

halide octahedra-based inorganic planes.23 In particular, DHPs (001) monolayers have formula 

A´4BIBIIIX8 and a handful of silver-bismuth versions have been recently reported, based on 

organic cations such as n-butyl21 and n-propyl24 ammonium or more complex ones such as 

phenylethylammonium25,26 or dicationic 5,5′-diylbis(ammoniumethyl)-[2,2′-bithiophene], in 

line with the many structural variations carried out on the lead-based counterparts27 and 

demonstrating the high versatility of the system. 

The above-mentioned studies revealed that subtle structural details (e.g., distortion at the Ag 

site28) play a crucial role in determining the properties of the 2D DHPs. For instance, Connor 

et al.21 reported significant changes in the electronic structure of distorted and non-distorted   
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BA4AgBiBr8. Although this could, in principle, provide control over the properties of these 

materials to a greater extent, much effort is needed in exploring the space of possible large 

cations and determining the resulting properties of the corresponding 2D DHPs. 

In this study, we performed a systematic investigation of the effects of different aliphatic and 

aromatic ammonium cations on the structural and optoelectronic properties of the 2D 

RA4AgBiBr8 layered perovskites. The study has been focused on a selected list of RA organic 

cations that constitute the spacer between adjacent 2D inorganic layers, i.e. the aliphatic n-

butylammonium (BA), isobutylammonium (iBA), hexylammomium (HA) bromides, featuring 

two different lengths for the linear alkyl chain and a branched one, and the aromatic 

phenylethylammonium (PEA) bromide. An in-depth characterization of the structure and 

morphology of perovskite polycrystalline films is carried out, revealing new insights into the 

solid-state organization of these hybrid compounds. Then, the impact of different cations on 

the optical properties of the perovskites has been investigated by optical spectroscopy and 

density functional theory (DFT) calculations. Interestingly, our analysis shows that change in 

the monolayer spacing induced by the different cations leads to different film morphologies 

that may tune selectively sub-bandgap PL emission associated with self-trapping of charge 

carriers in the 2D moiety.   

2. Results and Discussion  

2.1 Synthesis and structural properties 

The four A´4AgBiBr8 compounds [henceforth referred to as (RA)4AgBiBr8] investigated in this 

work were produced employing the hydrothermal synthesis method reported in the 

Experimental Section. RA organic cations form in-situ during the synthetic process from the 

corresponding amines and hydrobromic acid. The structure of the final compounds is sketched 

for two layers of alternating [AgBr6] and [BiBr6] octahedra in Figure 1a. We obtained four 

different compounds for the different larger cations as four crystalline powders of yellow color, 

mainly comprising platelet-like crystals of lateral sizes up to 100 µm (see Figure S1 in the 

Supporting Information – S.I. - for an example), that we directly used for powder x-ray 

diffraction (P-XRD). In Figure 1b, we show the diffractograms for the synthesized samples. A 

marked difference between the parent 3D structure of Cs2AgBiBr6 (green diffractogram), and 

the layered (RA)4AgBiBr8 compounds can be observed from the presence of intense (001) 

reflections at 2θ values below 10°. We ascribe these reflections to the periodic spacing between 

adjacent 2D inorganic sheets created by the large organic cation bilayers. From the position of 
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these reflections, the (001) lattice distance (d001) can be calculated by applying Bragg´s law 

(Table 1). 

Table 1. 2θ values of the first (001) reflections in P-XRD of Figure 1b and calculated (001) 

lattice constants. 

Compound 2θ (°) d001 (Å) 

(BA)4AgBiBr8 6.7 13.2 

(iBA)4AgBiBr8 6.7 13.2 

(PEA)4AgBiBr8 5.5 16.2 

(HA)4AgBiBr8 5.1 17.4 
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Figure 1. a) Sketch of the structure of 2D hybrid silver-bismuth double perovskites of general 

formula (RA)4AgBiBr8. b) P-XRD patterns of the four hydrothermally synthesized 

(RA)4AgBiBr8 crystalline compounds and of the reference 3D double perovskite Cs2AgBiBr6. 

c) Low wavenumber region of the Raman spectra of the four (RA)4AgBiBr8 compounds and 

the reference 3D double perovskite Cs2AgBiBr6. 

 

P-XRD data reveal how large cations affect the geometry of the resulting structure in the first 

instance. The large cation structure allows the fine-tuning of the spacing distance between the 

adjacent inorganic sheets. While moving from a linear to a branched alkyl moiety (BA to iBA) 

does not significantly affect such spacing, longer alkyl chains (HA) and bulkier groups (PEA) 

effectively increase the spacing. In comparison with others, the (PEA)4AgBiBr8 sample shows 

an anomalous P-XRD pattern dominated by the regular reflections belonging to the <00l> 

family up to (008). This could be related to a very regular 2D stacking order in the structure 

(i.e. large numbers of PEA double layers are stacked in an ordered way in the crystals), as was 

observed previously for a lead-based 2D perovskite.29 

The dimensional reduction in the four hybrid double perovskites further emerges when tracking 

the behavior of the most intense phonon mode in the Raman spectra of these compounds in 

comparison to that of the 3D reference Cs2AgBiBr6. Figure 1c shows the low wavenumber 

region of these spectra, dominated by the longitudinal optical A1g mode (symmetric in-phase 

stretching of the Bi–Br and Ag–Br bonds in the Ag/BiBr6 layers).30 This phonon mode is 

located at 177 cm-1 for the 3D double perovskite (green line), while shifts to lower 

wavenumbers in all the three 2D hybrid compounds (at 161, 161, 158 and 165 cm-1 for, 

respectively, RA = BA, iBA, PEA, HA), still maintaining the highest intensity among all other 

features within the spectrum (see Figure S2 in the S.I. for the high wavenumber region, 

featuring the organic cations vibrational modes). Therefore, the loss of the third dimension in 

the overall metal-halide octahedra connectivity, which is determined by the generation of the 

layered species, diminishes the phonon mode energy. Due to the nature of the A1g mode, the 

phonon softening phenomena observed might be related to weaker Bi-Br and Ag-Br bonds, as 

a consequence of the loss of the octahedra connectivity in the third dimension for the layered 

structures (see further discussion in Figure S3 of the S.I.). Interestingly, the shift appears to be 

not strictly correlated to the interplanar distance measured via P-XRD, therefore it cannot be 

attributed to the mere variation of spacing between layers. There is also no strict correlation to 

the dipole moment of the organic cations (Table 2, vide infra), which could have an influence 
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on the electronic distribution in the Br- ions close to the polar head of the organic cations.  

Recently, Li et al. have demonstrated how distortions of the inorganic framework inducted by 

organic A-cation soften the lattice of layered lead halide perovskite and result in lower phonon 

energies.31 Therefore, we can only speculate that this shift is influenced by the intermolecular 

packing of organic tail groups and, hence, mechanical flexibility of the different organic 

interlayers. Nevertheless, we believe that further studies are needed to fully understand the role 

of organic large cations of the vibrational properties of the inorganic lattice in layered 

perovskites. 

Attempts to grow single crystals suitable for X-ray diffraction (SC-XRD) of the iBA, PEA and 

HA 2D monolayer double perovskite derivatives (for the BA derivative, single-crystal details 

can be found in ref.21) were successful in only one case, i.e. (PEA)4AgBiBr8. We attribute the 

unsuccessful obtainment of SC structures for iBA and HA-based 2d DHPs to the extreme 

disorder present in these structures. Reasonable diffraction intensities could not be obtained 

with sufficient resolution for structure solution or refinement, which is most likely because the 

organic cations exhibit consistent disorder (we were successful in crystallizing a structure with 

BA, but this structure was already reported21). The experimental details used for inducing such 

a crystallization process are reported in the Experimental Section. A crystal structure for the 

(PEA)4AgBiBr8 compound was already deposited in the Cambridge database, but with a 

different level of refinement and only to predict the P-XRD patter for the identification of side 

phases formed in parallel to a bilayer analogous:32 on the contrary here we present a detailed 

description of the structure, which will be helpful for gaining further insights into structure-

property relationships existing both in this compound and similar ones (a new structure has 

been deposited in the database, see details in the Experimental Section). SC-XRD analysis of 

the structure of (PEA)4AgBiBr8 reveals a typical monolayer DHP structure with a regular 

alternation of Ag+ and Bi3+ sites within the inorganic sheets, which are separated by a distance 

of 16.15 Å (Figure 2a), thus strongly supporting the information obtained from P-XRD. The 

space group is P1̅ (see table S1 in the S.I. for the summary of crystallographic data and structure 

refinement) and the unit cell is defined by four in-plane corner-sharing metal bromide 

octahedra (two Bi-based and two Ag-based) and eight PEA cations (Figure 2a and S3 in S.I.). 

The latter was found to be disordered over three positions. Such structural variability also exists 

for the position of the equatorial bromide atoms (with a conformation that occurs prevalently -

91.3%- and a less common one -8.7%-).  
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Figure 2. Details of the single-crystal structure of (PEA)4AgBiBr8. a) View along the b-axis 

with indicated the interplanar distance between two adjacent inorganic monolayers of metal-

bromide octahedra (taken between the planes containing the equatorial bromides). b) View of 

the herringbone motif established within the phenylethylammonium-based organic bilayer that 

highlights the stabilizing CH-π interactions (in red the plane that contains the benzene ring). 

The hydrogen bond between an ammonium group and a bromide ion is also evidenced (shortest 

contact of three possible ones). 

 

In Figure S4 of S.I. the heavily distorted geometry of the inorganic monolayers can be clearly 

observed, with angles between the bismuth- and silver-based octahedra in a square unit of 68° 

and 112°. Interestingly, the tetragonal distortion at the [AgBr6] sites observed by Connor et 

al.21 in that of (BA)4AgBiBr8 is not clearly observed in our data on (PEA)4AgBiBr8. However, 

the uncertainty associated with the silver-bromide distance could contribute to detecting similar 

equatorial and axial metal-bromide distances (Figure S5). We further examined the SC-XRD 

data in the search for stabilizing interactions existing at the level of the organic bilayer. Here, 

the periodic arrangement of the phenyl rings is reminiscent of the classic herringbone motif 

present, for example, in crystals of the acenes series.33,34 Within this arrangement, CH-π 

interactions between edge-to-face arranged aromatic rings play a significant role in driving the 

formation of such an overall disposition of molecules within the crystal. Figure 2b illustrates a 

detail of this structural feature, with an estimated CH-π distance of 2.95Å, therefore in the order 

of distances typical for this type of van der Waals intermolecular interactions.35 This stabilizing 

effect of the π electron density and its interactions, not present in the other compounds 
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investigated in this work, might at least partially explain the slightly higher thermal stability of 

(PEA)4AgBiBr8 compared to (BA)4AgBiBr8, (iBA)4AgBiBr8 and (HA)4AgBiBr8 that is seen 

in the thermograms reported in Figure S6 of the S.I. 

The structural properties of the four hydrothermally synthesized 2D DHP crystalline 

compounds were further examined through high-resolution transmission electron microscopy 

(HR-TEM). All samples presented two different types of populations: one characterized by 

relatively thin crystalline flakes and one constituted of darker (and thus thicker) regions (see 

Figures S7-S10 in the S.I.). Selective area diffraction (SAED) carried out on both the flake-

like and darker regions show analogous patterns within each different sample and allows 

extracting the average in-plane lattice constant for all the four 2D DHPs examined (see Figure 

S11 in the S.I.).36 We extracted nearly identical values around 8 Å for all the four species (see 

information on rings 1 inserted as tables in Figure S11 for each SAED pattern). Considering 

that these are not images taken in cross-section on the crystalline species and thus do not 

highlight the layered structure, we can safely assign this to repetitive features within the planes 

of the 2D inorganic sheets, such as the diagonal distance between identical metal centers. This 

can be verified further for the (BA)4AgBiBr8 and (PEA)4AgBiBr8 compounds for which single-

crystal structural data are available. From micrographs taken at higher magnifications, we can 

also distinguish periodic motifs (also shown in Figures S7-S10), characterized by distances that 

vary from 2.7 to 3.8 Å. We assign these features to in-plane metal-halide distances within the 

inorganic sheets. To further investigate the structure of these powders, we carried out energy 

dispersive x-ray analysis (EDX) characterization on a selected sample, i.e. (BA)4AgBiBr8. 

Notably, measurement for the two types of populations described above (Figure S12) 

qualitatively indicate that depletion of silver cations characterizes the first population (orange 

frame). In contrast, the second (red frame) contains both bismuth and silver. These observations 

indicate that our powder samples have some degree of heterogeneity and a more complex 

identity than what could be inferred by merely focusing on P-XRD patterns. For instance, the 

presence of a Bi- only side phase cannot be inferred from that analysis (we exclude the presence 

of residual un-reacted BiBr3, as there is no trace of its reflexes in the P-XRD). On the other 

hand, it is known for the case of the 3D double perovskite Cs2AgBiBr6 that often a bismuth-

rich impurity can form either during hydrothermal synthesis or during thin film deposition (the 

species with formula Cs3Bi2Br9, which cannot be present here as no Caesium ions were 

introduced during the hydrothermal synthesis of the 2D monolayer DHPs),9 therefore it seems 

reasonable to guess that the here identified sample regions lacking silver could be a 2D-version 
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of this bismuth-based compound or some analogous ones that are up to now unreported in 

literature, to the best of our knowledge.  

2.2 Thin-films morphology 

The four hydrothermally synthesized 2D DHP derivatives were cast into thin-films onto glass 

substrates. The detailed procedure of the process is provided in the Experimental Section. 

Briefly, (RA)4AgBiBr8 crystalline powders were dissolved in DMF and subsequently spun on 

a glass/FTO substrate and annealed. Thin-film XRD (Figure S13 in the S.I.) reveals the 

formation of highly preferentially oriented crystalline phases.37 Differently from the P-XRD 

spectra, the intensity of the first reflection at low 2 values, in all cases significantly more 

intense than all other reflections, suggests that the crystalline phases are growing parallel to the 

substrate. Similar behavior has already been reported for 2D lead halide perovskites.38 On the 

other hand, the position of this reflection is unvaried with respect to the one in P-XRD (Figure 

1b). Therefore, thin-film XRD confirms that the interplanar distance among 2D inorganic 

sheets is maintained and governed by the length and stereochemistry of different organic 

cations. The four resulting yellow thin films appeared to have different textures already at the 

naked eye (photos are visible in Figure S14): BA and PEA-based films are smooth and 

homogeneous, the iBA-based film is translucent, and the HA-based has a wax-like character 

with a non-homogeneous distribution on the substrate. Scanning electron microscope (SEM) 

analysis of thin films prepared on FTO in top-view imaging mode (Figure 3) reveals the 

microstructure of the four different films.  
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Figure 3. Top-view SEM images of spin-coated thin films of a) (BA)4AgBiBr8, b) 

(iBA)4AgBiBr8, c) (PEA)4AgBiBr8 and d) (HA)4AgBiBr8 on top of FTO substrates. 

Here, the film obtained from (BA)4AgBiBr8 shows a relatively flat surface, where some valleys 

emerge most likely as an effect of the evaporating solvent. (PEA)4AgBiBr8 thin films show a 

similar, yet more grain-like morphology, with some pinholes.39 The (HA)4AgBiBr8 films 

appear uniform, with many small pinholes. It is worth noting that this is also the thinnest among 

all the four films examined (see Figure S15 for cross-section SEM images). The appearance of 

the (iBA)4AgBiBr8 film is undoubtedly the most peculiar one: micron-sized square-like 

features have grown during film casting, which are connected one to the other by thinner and 

longer filaments while leaving around consistent amounts of empty space. This highly micro-

structured morphology, most likely characterized by a relatively high surface area, could be the 

reason for the opaque visual appearance of the thin film (Figure S14) as a result of light 

scattering.  

Surface morphologies of the thin films were analyzed in details through atomic force 

microscopy (AFM) in tapping mode, with peculiar images obtained for the (BA)4AgBiBr8 and 

(PEA)4AgBiBr8 based samples. The topography scans on the two thin films are reported in 

Figure S16, accompanied by line-profiles taken in the area of the surface indicated by black 

lines and numbers. From the (BA)4AgBiBr8 topography scan, we recognize the presence of 

many nanometric areas within the main grains, located at a lower height compared to the top 

smooth surface. When measuring the depth of these areas through depth profiling (right-hand 

side graphs), we observe that the step corresponds with a good approximation to a single 

interplanar distance among the 2D inorganic sheets in the layered perovskite (see Table 1). The 

same can also be inferred for the (PEA)4AgBiBr8 film (where not only monolayer steps are 

present but also bilayer ones, as can be seen in relative profile n. 1), even if for this species the 

surface topography is not flat but rather discontinuous, likely as a result of the more random 

orientation of the (001) crystallites in the film40 (which still on average displace mainly parallel 

to the substrate, as suggested by thin-film XRD). The high tendency to form the inorganic 

sheets separated by the organic cations is shown by the formation of the terraces in all cases. 

Dynamic light scattering (DLS) analysis of the solutions used to produce the films (Figure S17) 

show the presence of scattering particles with diameters of several hundred nm (in most cases, 

only one distribution of diameters is found, whereas in the case of (BA)4AgBiBr8 two 

distributions result). Hence, we hypothesize that when these crystals are dispersed in a highly 

coordinating solvent, they disassemble into single or few-layers inorganic sheets. Once cast 
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into thin films, these solutions produce a more ordered stacking, which is reminiscent of a 

layer-by-layer assembly driven by the evaporation of the solvent.38 Notably, the growth of thin 

films can therefore be described as a self-assembly process of pre-existing colloidal species41 

rather than a complete dissolution and re-growth process. This interpretation is confirmed by 

the fact that similar films could not be prepared from mixed solutions of metal- and ammonium 

bromides. Figure S18 reports the AFM studies carried out on the iBA and HA-based DHP 

films. Here, we observe an analogous step-like topography, albeit with much higher steps 

(around 10 nm) for iBA. These steps correspond to multilayer structures protruding from the 

surface. In addition, the influence of the cation on the thin film morphology is further confirmed 

by comparing the surface roughness obtained from AFM measurements (Figure S16 and S18). 

While the (HA)4AgBiBr8 film is very flat (RMS 2.1 nm), thin films of (PEA)4AgBiBr8 and 

(BA)4AgBiBr8 are slightly rougher (RMS 4.2 nm) and the (iBA)4AgBiBr8 film shows a 

considerably increased surface roughness (RMS 34.1 nm). 

Similar to the structural diversity found in the thin film morphology of the four compounds we 

observed a variability of their work function (WF), as measured by Kelvin probe force 

microscopy (KPFM), shown in Figure 4 and Table 2. The different WF can be directly 

correlated to the dipole moment calculated for the organic cations RA+ (Figure S19). The 

observed work function decreases with the calculated dipole moment of RA+, well compatible 

with an orientation of the positive end of the dipole (NH3
+-group) towards the inorganic sheet 

and the negative (organic) end towards vacuum, leading to the observed lowered WF. Such 

direct correlation of the observed WF with µ of the RA+ reveals an organic termination of the 

surface. This is also indicated by very similar42 band structures calculated for (PEA)4AgBiBr8 

and (BA)4AgBiBr8 despite significant differences in the surface WF of these materials (Table 

2). Interestingly, for the layered lead-based perovskite (PEA)2PbI4 an almost identical WF of 

4.87 eV was reported42 as we find for (PEA)4AgBiBr8, confirming that the organic moiety 

dominates the work function of the surface rather than the underlying inorganic sheets.43 By 

looking at the FWHM of the WF signals, we find a considerably broader distribution for 

(BA)4AgBiBr8 which hints at a lower degree of order of the organic layer when compared to 

the three other organics, where a stronger inter-molecular interaction can be expected that 

would lead to a higher degree of order and, hence, smaller FWHM of the WF.  
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Figure 4. a) Distribution of work function of the investigated (RA)4AgBiBr8 thin films. Every 

histogram contains at least two KPFM measurements, one of which is shown in b) for each 

compound. For (iBA)4AgBiBr8, only the marked regions were evaluated to avoid an influence 

of the strongly stepped morphology, whereas the whole area was evaluated for the other three 

compounds.   

Table 2. Work function (WF) and FWHM obtained by Gauss fits of the distribution (Figure 

4a) for the four (RA)4AgBiBr8 and calculated dipole moments µ of the organic cations RA+ 

Compound WF (eV) FWHM (eV) µ (D)  

(BA)4AgBiBr8 4.43 0.11 1.583 

(HA)4AgBiBr8 4.75 0.05 1.330 

(iBA)4AgBiBr8 4.81 0.06 1.173 

(PEA)4AgBiBr8 4.91 0.07 0.947 

 

2.3 Optical properties and computational modelling  

The optical properties of thin films have been investigated by absorption and PL spectroscopy 

(see results in Figure 5a). The UV-Visible absorption spectra of the thin film series show well-

defined transitions at around 3 eV. Gaussian fitting analysis (Figure 5a, Table 3) reveals that 

the observed absorption bandwidths have an FWHM larger (up to 380 meV) than for 

Cs2AgBiBr6 (about 200 meV, as taken from previous work of some of us10). Furthermore, 

(iBA)4AgBiBr8 thin films present an additional peak at 2.83 eV.44,45 These observations suggest 

the presence of multiple transitions, whose energy is finely controlled by the rotation of the 

octahedra and the length of the organic spacers. 
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The assignment of the parent 3D Cs2AgBiBr6 transition is crucial to understand and interpret 

the optical response of the 2D (RA)4AgBiBr8 series. It is well established that bulk Cs2AgBiBr6 

has an indirect bandgap of 1.8-2.2 eV. As discussed by Palummo et al. by computational 

excited-state methods, the first absorption peak in bulk Cs2AgBiBr6 is the result of a bound 

exciton, while the PL spectrum derives from a phonon-assisted radiative recombination process 

of indirect bound excitons.46 On the other hand, no consensus has been reached on the nature 

of the prominent resonant optical feature generally observed at around 2.8 eV.10,30,47,48 

Clarifying its assignment is even more critical for lower dimensional structures, where the 

1D/2D confinement of Cs2AgBiBr6 converts the bandgap from indirect to direct character. 

Alivisatos et al. postulated a role played by bismuth ion intra-atomic 𝑠 → 𝑝 orbital transitions, 

whose spin-forbidden character is at least partially allowed by the strong spin-orbit coupling 

of bismuth.44 On the other hand, Karunadasa et al., based on DFT calculations, suggested 

additional charge-transfer contributions from Ag-d to Bi-s/Bi-p orbitals.21  In this context, the 

comparison between large cations in the (RA)4AgBiBr8 series provides further insight into the 

nature of this transition. 
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Figure 5. a) UV-Visible absorption spectra of (RA)4AgBiBr8 thin films (solid lines) and 

deconvoluted peaks (shaded areas) by gaussian fitting of the band-edge transitions. b) 

Normalized steady-state photoluminescence spectra of (RA)4AgBiBr8 thin films under 3.29 eV 

excitation measured at 77 K. Excitation energy-dependent PL spectra for c) (iBA)4AgBiBr8 

and d) (BA)4AgBiBr8 thin films at 77 K. In the insets, the excitation wavelengths are indicated 

above the absorption profiles by colored arrows. 

 

 

Table 3. Gaussian fitting results for main absorption and photoluminescence (under 3.29 eV 

excitation) of the (RA)4AgBiBr8 thin film series. 
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Thin-film Absorption Photoluminescence 
 

Position (eV) FWHM (eV) Position (eV) FWHM (eV) 

(BA)4AgBiBr8  3.019±0.001 0.30 2.620 ± 0.002 0.37 

(iBA)4AgBiBr8  2.827±0.002 0.21 1,820 ± 0.001 0.38 
 

3.041±0.001 0.22 2.470 ± 0.002 0.5 

(PEA)4AgBiBr8  2.981±0.001 0.34 2.604 ± 0.002 0.53 

(HA)4AgBiBr8  2.996±0.001 0.39 2.520 ± 0.002 0.44 

 

To characterize optical fingerprints of the perovskite series more in detail, the diffuse 

reflectance has been measured and analyzed by Kubelka-Munk theory. The resulting Kubelka-

Munk function F(R) spectra, equivalent to absorption spectra, are shown in Figure S20. 

Notably, the prominent absorption peak lies at ~ 3 eV and presents a similar shifting trend with 

different cations (see Table 3). However, the absorption edge is largely split with an additional 

peak at ~ 2.6 eV, with only minor differences among the cations. Karunadasa et al. observed a 

similar effect for (BA)4AgBiBr8 powders, but the authors reported only the band-edge.21  

As shown in Figure 5b, the (RA)4AgBiBr8 thin films show significant emission peaks under 

3.29 eV excitation. Specifically, the comparison (where PL data are normalized for the 

absorption at 3.29 eV) reveals how (BA)4AgBiBr8 and (iBA)4AgBiBr8 show the most intense 

emission. By comparing the integrated area (see Table S1), the intensity of (PEA)4AgBiBr8 

and (HA)4AgBiBr8 is reduced with respect to BA-based perovskite by a factor of ~7 and ~3, 

respectively. All the samples share a broad emission peak at around 2.6 eV with FWHM 

ranging from 300 to 600 meV (see the normalized comparison in Figure S21).  As reported in 

Table 3, the position of these peaks shifts with different cations from 2.62 eV for (BA)4AgBiBr8 

to 2.47 eV for (iBA)4AgBiBr8. These results are in excellent agreement with the report by 

Karunadasa et al., where the emission was assigned to trap-mediated recombination.21 

Differently from other samples, (iBA)4AgBiBr8 also exhibits a broad (~ 400 meV) and highly 

intense emission band at 1.8 eV. The ratio between this emission and emission under 2.89 eV 

excitation is about 10, thereby indicating this as an efficient emission channel.  

To further explore the excited states of these samples, we measured excitation energy-

dependent PL spectra for (BA)4AgBiBr8 and (iBA)4AgBiBr8 (Figure 5c and 5d, respectively). 

The excitation energy dependence of the PL has already been used to reveal the underlying 

complex excited-state dynamics of several perovskite and emerging semiconductor systems, 

49–51 yet there are no previous reports for 2D Ag-Bi DHPs. For (iBA)4AgBiBr8 thin films, 
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although the emission at 2.6 eV is clearly observed for above band-gap excitations (3.29 eV), 

resonance excitations (3.01 eV) result in a significantly quenched emission. Such behavior 

indicates the presence of an additional non-radiative recombination mechanism (e.g., trap 

mediated non-radiative recombination) strongly coupled with the central transition. 

Furthermore, the use of higher excitation energies produces a broad emission peaked at 3.1 eV. 

This emission violates the Kasha rule (i.e., the emission takes place from the lowest excited 

state) and can therefore be tentatively ascribed to the presence of high-lying states which are 

electronically decoupled from the lower-lying ones, e.g., high-lying trap states or self-trapped 

exciton (STE) states.52,53 On the contrary, the emission of (iBA)4AgBiBr8 thin films under 

different excitation energies is always dominated by the emission at 1.8 eV. Notably, the 

intensity of the emission is strongly dependent on the excitation wavelength. Specifically, the 

emission quenching is observed in correspondence with the main absorption transition (3.01 

eV), analogously to what observed for (BA)4AgBiBr8. Furthermore, the STE emission is fully 

quenched when excitation energies above 3.7eV are used. Powder emission PL spectra (Figure 

S21) confirm the presence of a higher energy emission peak for (iBA)4AgBiBr8, analogously 

to what was observed for (BA)4AgBiBr8.  

To delve deeper into the origin of optical excitations in the perovskite series and confirm our 

assignments, we have selected the two isomeric layered perovskites, (BA)4AgBiBr8 and 

(iBA)4AgBiBr8 as model systems. Therefore, we have investigated their electronic and optical 

properties by ab-initio density functional theory (DFT) and many-body perturbation theory 

(MBPT). The electronic band structures and projected density of states of the (BA, 

iBA)4AgBiBr8 perovskites have been calculated at the DFT level by using the Perdew-Burke-

Ernzherof (PBE) functional54 and by including spin-orbit coupling (SOC, see Figure 6a-d).  

In both cases cell and ion positions have been relaxed at the PBE level by including DFTD3 

dispersions (see Computational details).55 Upon structural optimization, a slight contraction of 

the (iBA)4AgBiBr8 cell along the z-axis is reported with respect to the parent (BA)4AgBiBr8 

perovskite, due to the branched geometry of the iBA cation. The two systems show a similar 

electronic structure with direct band gaps at the Γ point of 1.59, and 1.66 eV for BA and iBA, 

respectively. A nearly two-fold degeneracy of electronic bands at the VBM and CBM is 

reported. The analysis of PDOS highlights that the VB is mainly composed by Br-p and Ag-d 

orbitals, while the CB mainly derives from Bi-p and Br-p hybridized orbitals with small 

components of Ag-s orbitals, in agreement with previous studies.21 In both cases, organic 

cations do not contribute to the electronic states in the proximity of the band edges.  
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As expected, the calculated band gaps at the PBE-SOC levels strongly underestimate the 

absorption edges observed in optical experiments. To provide a more accurate estimate of the 

electronic band gap of these systems, G0W0 calculations56 have been performed on the 

BA4AgBiBr8 perovskite by including SOC (see Computational details in the Experimental 

Section). 

 

 

Figure 6. a) Electronic band structure and PDOS of a-b) (BA)4AgBiBr8 and c-d) 

(iBA)4AgBiBr8 layered perovskites, calculated at the PBE-SOC level of theory; e) optical 

absorption spectrum of (BA)4AgBiBr8 calculated at the G0W0-independent particle level 

(G0W0-IP) and by including exciton effects through the solution of the BS equation (G0W0-

BSE); f) orbital plots of trapped charge carriers in (BA)2AgBiBr8: self-trapped electron (STE); 

self-trapped hole (STH); trapped-electron at the VBr site. 

 

Within the G0W0 approximation, a significant renormalization of the electronic band gap to 

3.15 eV is obtained for BA4AgBiBr8. The optical absorption spectrum of the perovskite has 

been simulated at the G0W0-independent particle level (G0W0-IP) and by including exciton 

effects by solving the Bethe-Salpeter (BS) equation (G0W0-BSE)57 on top of G0W0 corrected 

eigenvalues (Figure 6e). The solution of the BS equation leads to two main optical absorptions 
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peaks in the low energy range of the spectrum, centered at 2.58 eV and 2.96 eV. These 

excitations are mainly associated with transitions between the nearly degenerate levels of the 

VBM and the CBM, in the proximity of the Γ (0, 0, 0) and C (0.5, 0.5, 0.5) k-points in the 

Brillouin zone (BZ), respectively. The calculated absorption spectrum is in good agreement 

with the absorption profile extracted by the Kubelka – Munk analysis (see Figure S20). By 

considering the energy red-shift of the first exciton peak with respect to the calculated 

electronic gap, an exciton binding energy of 0.57 eV is estimated. Such value is naturally higher 

than in the Cs2AgBiBr6 bulk perovskite, where an exciton binding energy of 0.34 eV has been 

reported.46 The presently observed increase in exciton binding energy and blue-shift by 200 

meV in the absorption spectrum with respect to the bulk Cs2AgBiBr6 are due to a combined 

effect of dielectric confinement and octahedral distortion.45 As widely reported for layered lead 

halide perovskites,58 the confinement of the carriers arises not only from the restricted motion 

in a 2D plane (i.e., quantum confinement) but also from the reduced dielectric screening caused 

by the presence of organic cation layers with lower permittivity compared to 3D bulk (i.e., 

dielectric confinement).19,20 Furthermore, as demonstrated by Radaelli et al. for Cs2AgBiBr6, 

the distortion in Br-Ag-Br angles strongly determines the energy of the direct gap transition.48 

Within this framework, the slight peak  shift observed within the 2D perovskite series (i.e. from 

2.98 up to 3.04 eV, see Figure 5a and Table 3) can be ascribed to distortions caused by the 

different steric hindrance of the large cations. These results, in combination with the very 

similar electronic structure found at the DFT level among the two perovskites, suggest that 

optical absorption peaks observed at ~2.7 and ~3.0 eV may be associated to exciton transitions, 

and a defect-related origin is likely to be excluded.  

PL emissions in the low energy range, i.e. below the first estimated exciton peaks, such as 

emission at ~1.8 eV in iBA, are in principle related to emission from defects or self-trapped 

charge carriers. To investigate this possibility, charge carrier trapping in the perfect lattice and 

at bromide vacancies defect sites have been studied by performing DFT calculations in 2x2x1 

supercells of BA and iBA systems. PL sub-bandgap emission is studied by simulating the self-

trapping of electron (STE) and holes (STH) in the perfect lattice and trapping of the electron at 

the bromide vacancy VBr site (Figure 6f). To accurately simulate the electronic structures of 

the perovskites, the hybrid PBE0 functional59 has been used by increasing the exact exchange 

fraction α to 0.29. The use of α=0.29 in combination with a rigid application of SOC provides 

a band gap of 3.15 eV for BA system, matching the G0W0 band gap. SOC is not directly 

included in PBE0 calculations due to the prohibitive computational cost in supercell 

calculations. In Table 4 the estimated electronic band gaps at the PBE0-SOC level of theory 
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for the two systems are reported. As already observed at the PBE-SOC level, the modelled 

phases show similar band gaps. 

In Table 4 the calculated thermodynamic ionization levels (TIL) and predicted PL emissions 

of trapped electrons and holes in the two phases are reported. Notably, calculated transitions 

show very similar values in the two perovskites, indicating that they share a comparable defect 

photo-physics. 

 

Table 4. Estimated electronic band gaps of the (BA)4AgBiBr8 and (iBA)4AgBiBr8 perovskites 

at the PBE0-SOC level (SOC corrections have been rigidly applied to the PBE0 band gap); 

calculated TIL and PL emissions of self-trapped electron (STE), hole (STH) and trapped 

electron on VBr defect, at the PBE0 level. All values are in eV. 

 

Compound (BA)4AgBiBr8 (iBA)4AgBiBr8 

Eg  3.15 3.24 

Defect transition TIL PL TIL PL 

STE (0/-) 3.03 2.03 3.03 2.02 

STH (+/0) 0.13 2.59 0.09 2.61 

VBr (+/0) 2.27 1.29 2.22 1.25 

 

 

Self-trapping of the electron, simulated by adding a negative charge in the supercell and 

relaxing ion positions, leads to the electron localization on one Bi ion and to an elongation of 

the in-plane Bi-Br bonds from ~2.9 to 3.3 Å (Figure 6f). Electron trapping gives rise to a deep 

(0/-) thermodynamic transition in the band gap, placed at 3.0 eV above the VB of the 

perovskites. Radiative decay of the STE with a PL emission at ~2.0 eV is calculated. Simulation 

of a self-trapped hole (STH) in the pristine system also shows localization of the hole on a 

single Ag-d orbital hybridized with Br-p orbitals in the cell (Figure 6f). Hole trapping leads to 

a (+/0) transition placed at 0.1 eV above VB and is accompanied by a slight shortening of the 

Ag-Br bond distances in the localization site from 2.7 to 2.5 Å. A PL emission from STH is 

calculated at ~2.6 eV. Electron trapping at the VBr
+ site leads to a deeper (+/0) transition in the 

band gap with a predicted PL emission in the low energy range at ~1.2-1.3 eV. 
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Figure 7. a,b) Schematic representation of the energetic levels in the configuration coordinate 

picture, summarizing the structure of the excited states for (BA)4AgBiBr8 and (iBA)4AgBiBr8, 

respectively. Colored arrows represent emission signals and dotted lines represent relaxation 

processes. The parabolas represent the potential energy surfaces of the different states, their 

position on the x-axis indicates the degree of distortion. 

 

Based on our predictions, the two isomeric perovskites (i.e., iBA and BA-based) show a very 

similar defect photo-physics and no remarkable differences in PL emissions ascribable to the 

two isomeric cations can be inferred. By considering the cation-induced distortion and the 

absorption band splitting also observed in the (iBA)4AgBiBr8 thin-film absorption, emission 

peak at ~1.8 eV is safely ascribed to emission from a self-trapped electron states driven by 

phonon coupling. Namely, as a consequence of the excitation-phonon coupling, excitations are 

trapped in the lattice distortion that they generate.60 Similar emissions from self-trapped 

carriers have been reported for 2D lead halide perovskites and other corrugated metal-halide 

complexes.61,62 On the other hand, the emission at 2.6 eV can be assigned to the band-to-band 

exciton recombination or to STH emission, where only the hole undergoes localization. In 

Figure 7, we summarize the photophysics of BA and iBA-based model systems, and the 

assignment discussed above. We expect this picture to provide a guide for future work delving 

deeper into the photophysics of two-dimensional (RA)4AgBiBr8 perovskites. 

It is worth noting that while ab-initio methods give a unique insight into the photo-physics of 

these systems, some of our observation differ from predictions. For instance, as already 
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reported, no STE emission is observed for (BA)4AgBiBr8. Furthermore, similarly to what 

observed by Connor et al.,21 the absorption spectra of thin films do not show strong absorption 

features at 2.7 eV, which are instead observed for powders. However, we note that extrinsic 

effects have already demonstrated to be crucial in determining the properties of lower- 

dimensional lead-halide perovskites.63 Notably, also the use of corrugated perovskites 

(obtained via subtle changes in the large cation) has already been proven in white light-emitting 

2D lead-based perovskites.64 While its extent remains an open question, we speculate that 

morphology could contribute to steering the photophysics of these materials (e.g., by 

modulating the oscillator strength of some transitions and the carrier-phonon coupling). Such 

a hypothesis is further confirmed by the significant distribution of WF measured by KPFM on 

the micro-structured surface of (iBA)4AgBiBr8. We nevertheless expect that future work will 

be needed to fully elucidate the impact of morphology on the optical properties of 2D-DHPs. 

 

3. Conclusions 

In this work we provide a comprehensive characterization of the structural properties of 

hydrothermally-synthesized 2D monolayer DHP series, with the general formula 

(RA)4AgBiBr8. Here, by using four bulky organic cations (RA) with different alkyl chain 

length, branching and dipole moments, we finely tuned the inter-layer distances in these 

silver/bismuth bromide 2D DHP. Interestingly, the nature of the large organic cation also 

chameleonically determines the thin-film morphologies obtained after a re-crystallization 

process of the crystalline powders. The resulting different thin-film microstructures span from 

the case of very flat and homogeneous surfaces, as found for the (BA)4AgBiBr8 based thin 

films, to rougher or extremely soft cases (for (PEA)4AgBiBr8 and (BA)4AgBiBr8, respectively) 

up to the formation of complex porous architectures, as found for the (iBA)4AgBiBr8 thin films. 

Notably, the simple isomerization to a branched alkyl ammonium cation (i.e. from 

butylammonium to isobutylammonium) results in an extreme variation of the film morphology.  

A similar multifaceted nature associated with the mere identity of a small molecular component 

within a hybrid semiconductor primarily drives structure-property relationships, which here 

have been characterized mainly in terms of basic optical features. Fine-tuning of structure and 

morphology of the thin films is proven useful to control the optical properties of 2D DHP. By 

changing from a linear (BA+) to a branched (iBA+) cation, the excitonic recombination is 

outpaced by a broad and relatively intense STE emission. This interplay between structure, 

morphology and optical properties provides exciting perspectives not only for delving deeper 
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into the optical properties of layered metal halide perovskites but also for a material-by-design 

approach. Our systematic study of large cation effects on structure, morphology, electronic and 

optical properties lies the foundation for the future development of the 2D DHP material 

platform. We expect that future effort will be directed in further expanding the nature (i.e., 

steric hindrance, chemistry, and electronic properties) of large cations, thus following the 

development of their lead-based counterparts. Although a complete optoelectronic 

characterization of these materials will require further studies, the map of the excited states in 

Figure 7 will provide a valuable guide for future investigations.  

This work represents a significant step ahead in the field on non-toxic DHP and cast new hopes 

for the complete substitution of lead in next-generation low-cost optoelectronic devices.  

 

Experimental Section 

Materials and methods. All the double perovskite precursors, namely BiBr3(99%), CsBr 

(99.9%), AgBr (99.5%) were purchased from Alfa Aesar. BiBr3 was stored in a glovebox due 

to moisture sensitivity and AgBr in dark due to light sensitivity. The crystalline reference 3D 

double perovskite compound was synthesized through hydrothermal synthesis following a 

previously reported procedures from some of us.10 The organic amines were purchased from 

Sigma Aldrich, as were all solvents.  P-XRD analysis was performed at ambient temperature 

with a PANalytical B.V. X’Pert PRO diffractometer employing CuKα1 radiation. The 

instrument operated at 40 kV and 40 mA using a 1°divergence slit for the incident beam. SC-

XRD was measured at low temperatures (100K) using φ- and ω-scans on a Bruker D8 Venture 

system equipped with dual IµS microfocus sources, a PHOTON100 detector and an OXFORD 

CRYOSYSTEMS 700 low-temperature system. Mo-Kα radiation with wavelength 0.71073 Å 

and a collimating Quazar multilayer mirror were used. Semi-empirical absorption correction 

from equivalents was applied using SADABS-2016/265 and the structures were solved by the 

dual space algorithm implemented in SHELXT2014/5.66 Refinement was performed against F2 

on all data by full-matrix least-squares using SHELXL2018/3.67 All non-hydrogen atoms were 

refined anisotropically and hydrogen atoms were positioned at geometrically calculated 

positions and refined using a riding model. The isotropic displacement parameters of all 

hydrogen atoms were fixed to 1.2x or 1.5x (NH3 hydrogens) the Ueq value of the atoms they 

are linked to. Disorder was modelled with the help of similarity restraints on bond distances, 

restraints to a common plane, similarity restraints on anisotropic displacement parameters68 

and advanced rigid bond restraints.69 Micro-Raman analysis was carried out using a Senterra 
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Raman microscope equipped with a λ = 532 nm laser.  All the measurements were conducted 

by positioning a small amount of powder on a glass slide, which was placed upon the support 

inside the instrument. Ethanolic suspensions of the hydrothermally synthesized 2D double 

perovskites were drop-casted and dried on 200 mesh copper supported lacey carbon grids, and 

their morphological characteristics were investigated through a FEI Tecnai G2 20 X Twin TEM 

using 200 kV accelerating voltage (FEI Corporate Headquarters, Hillsboro, OR, USA) 

followed by the crystal structure analysis of the samples through selected area electron 

diffraction (SAED). Furthermore, and their chemical composition was assessed by Energy 

Dispersive X-Ray Spectroscopy (EDS) using a Bruker XFlash 6T-30 detector mounted onto 

the TEM (Bruker Corporation, Billerica, MA, USA). SEM was performed on a Zeiss Merlin 

instrument at a working potential of 20 kV. GIXRD was performed in a range of 3° to 70° 

(0.05° step size, 0.014 °/s scan speed) with a PANalytical B.V. X’Pert Pro diffractometer using 

Cu Kα1 radiation. The diffraction patterns were measured along the 2θ axis with a grazing 

incidence of ω = 0.5°. AFM characterization was carried out with a SmartSPM 1000 from 

AIST-NT in intermittent contact mode using SEIHR probes (NanoWorld).  FM-KPFM was 

measured using a Vacuscope 2000 from AIST-NT at a pressure below 10-6 mbar using OPUS 

160AC-GG cold coated silicon probes operated in two-pass mode. The first pass was used to 

obtain a surface profile while the contact potential difference was obtained following that 

profile during the second pass by the sideband method using an AC voltage of 2 V at around 1 

kHz. Referencing to the known work function of freshly cleaved HOPG ZYA (4.6 eV,70 

MikroMash) was carried out before and after every measurement to avoid the influence of 

contamination of the probe. UV-vis absorption measurements of thin films were carried out on 

an Agilent 8453 UV-Vis spectrometer. Diffuse reflectance spectra were acquired on a Cary 5E 

UV-Vis-NIR spectrometer equipped with a diffuse reflectance accessory. DLS measurements 

were conducted with a Malvern Zetasizer Nano-ZS device (Malvern, UK) at 20 °C. The DLS 

system was operated by the Zetasizer software from Malvern Panlytical (Malvern, UK). PL 

measurements were performed on a HORIBA Jobin Yvon Spex Fluorolog 3 spectrophotometer 

equipped with a 450 W Xe short-arc lamp, double grated excitation and emission 

monochromators, and a photomultiplier tube in quartz glass cuvette at 77 K using a special 

liquid nitrogen-filled Dewar assembly using the FluoroEssence™ software package.  

Excitation and emission spectra were corrected for the spectral response of the 

monochromators and the detector using spectral corrections provided by the manufacturer. The 

dipole moment of isolated RA+ cations was calculated by DFT using the B3LYP hybrid 

functional with the basis set 6-31G* following geometry-optimization of the structures.  



 24 

Hydrothermal synthesis of (RA)4AgBiBr8 double perovskites. 408 mg of BiBr3 (0.9 mmol) and 

170 mg of AgBr (0.9 mmol) were transferred to a two-necked 25 mL round bottom flask. 2.6 

mL HBr (49 %) were added with a 5 mL syringe to dissolve inorganic precursors. Last, 3.6 

mmol of the primary amine were added with a Labsolute 1000 mL pipet to the stirring mixture, 

which caused smoke development. The solution was stirred and heated to 100 °C under reflux 

cooling until all reactants were dissolved. Dissolution occurred between 100 and 120 °C, 

depending on the amine. While heating, the color of the solution turned from light orange into 

dark orange. After 30 min, the solutions were cooled down to room temperature. Crystalline 

materials started to participate as soon as the heating was removed. Products were filtered and 

washed with diethyl ether several times. Subsequent to washing, the products were dried on 

filtration paper for a few minutes and then transferred to a weighing boat to continue drying 

overnight. The drying process proceeded under ambient conditions. Single crystals of 

(PEA)4AgBiBr8 were obtained by stratifying diethyl ether on top of a supersaturated solution 

of the polycrystalline powder in DMF and allowing the two solvents to slowly mix overnight. 

Crystallographic data for (PEA)4AgBiBr8 was deposited as CCDC 2031528 at the Cambridge 

Crystallographic Data Centre. 

Preparation of thin-films. Glass and FTO substrates (1.5 x 1.5 cm2) were cleaned by successive 

ultrasonication in deionized water, acetone and isopropyl alcohol for 15 minutes each, followed 

by 15 minutes of UV-Ozone cleaning right before the thin film preparation. The precursor 

solutions were prepared by dissolving 22 μmol of the respective pre-synthesized 2D double 

perovskite powder in 90 μL DMF and stirred for 2 hours at room temperature. The thin film 

casting was conducted in a nitrogen-filled glovebox and was based on the protocol of Connor 

et al.21 To prepare the thin films, the substrates were mounted on a spin-coater, evenly covered 

with 30 μL of precursor solution and spun at 4000 rpm for 40 seconds with an acceleration of 

200 rpm/s. After spin-coating, the samples were annealed on a hot plate at 100 °C for 4 minutes.   

DFT calculations. The electronic structure of (BA, iBA)4AgBiBr8 perovskites has been 

calculated in periodic boundary conditions by using plane waves basis set and 

pseudopotentials, as implemented in the Quantum Espresso simulation package.71 The Perdew-

Burke-Ernzerhof (PBE) functional54 and norm-conserving pseudopotentials were used by 

including spin-orbit coupling (SOC). An energy cutoff on the wavefunctions of 60 Ryd and 

4x4x1 k-point grid in the BZ were used. In all cases cell parameters of the phases have been 

relaxed by using the PBE functional (no SOC included) and including DFTD3 dispersion 

corrections.55 By this approach the following equilibrium cell parameters have been obtained: 
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for BA a=8.19 Å, b=8.05 Å, c=26.78 Å, α=90.0°, β=90.1°, γ=90.0°; for iBA a=8.20 Å, b=8.28 

Å, c=25.93 Å, α=90.0°, β=88.9°, γ=90.0°.  G0W0 and BSE calculations for the BA system have 

been performed by using the Yambo code72 on top of PBE-SOC calculations. Due to the 

prohibitive dimension of the system (460 electrons) a minimal but sufficiently converged 

computational setup has been adopted (see Table S3 of SI). G0W0 calculations have been 

carried out in the plasmon-pole approximation73 by using a cutoff of 30 Ry (3 Ry) for the 

exchange (correlation) part of the self-energy, and by including a total of 2560 bands in the 

calculation of the dielectric matrix and correlation energy. BSE calculations have been 

performed on top of QP corrected eigenvalues by using a cutoff of 30 Ry (3 Ry) on the 

exchange (screening) parts and by including 20 occupied and 20 unoccupied bands. For the 

screening part the same computational setup employed in G0W0 calculations was used. The 

BSE convergence on the k-point grid has been investigated by performing a BSE scissor 

operator calculation by enlarging the k-grid up to 6x6x1 (see Figure S23).   

Self-trapping and defect calculations have been carried out in the 2x2x1 supercells of BA and 

iBA by using the CP2K software package.74 Cell parameters of the supercells have been 

optimized by using the PBE functional and including DFT-D3 dispersions. Equilibrium 

structures of self-trapped states and defects have been calculated by fixing cell parameters to 

the optimized values and relaxing ion positions by using the hybrid PBE0 functional75 with a 

fraction of exact exchange α = 0.29, in order to reproduce G0W0 band gap of the BA system, 

and by including van der Waals interactions through the DFT-D3 scheme.55 Calculations have 

been carried out with Goedecker-Teter-Hutter pseudopotentials,76 double-ζ polarized basis 

sets77 and a cutoff of 300 Ry  for the expansion of the electron density in plane waves. The 

auxiliary density matrix method with the cFIT auxiliary basis set has been used to accelerate 

hybrid functional calculations.78 Thermodynamic ionization levels has been calculated by 

using the following expression:79 

                                  𝜀(𝑞/𝑞′) =
𝐸[𝑋𝑞] − 𝐸[𝑋𝑞′

]

𝑞′ − 𝑞
+

𝐸𝑐𝑜𝑟𝑟
𝑞 − 𝐸𝑐𝑜𝑟𝑟

𝑞′

𝑞′ − 𝑞
− 𝜀VB                               

Where E[Xq] are the energies of self-trapped or defect systems in the different state of charge 

q, εVB is the valence band of the pristine system and Eq
corr are finite size supercell corrections 

for charged defects. TILs were corrected by applying Makov-Payne corrections by using the 

static dielectric tensor of (BA)4AgBiBr8, i.e. εxx≈εyy=6.8, εzz=3.6, estimated by using the 

approach of Umari et al.80 PL emission energies have been calculated by simulating vertical 
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transitions between the excited (trapped) and the ground state of the defects at the excited state 

equilibrium geometry.     

Supporting Information 

Optical microscope images of the 2D perovskite crystals, high-wavenumber regions of the 

Raman spectra, single crystals structure details, thermograms, HR-TEM images and TEM EDX 

data, thin film XRD patterns, thin films cross-section SEM images, AFM topography images, 

DLS spectra, calculated dipole moments of the organic cations, diffuse reflectance and PL 

spectra, further computational details. 
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